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論文内容の要旨
血加‘肋CJわ〃
Duringthecourseofevolution，PlantShaveacquiredtheabilitytosensegravityandtherebyadapted
to terrestrialenvironment by controllingtheir morphologicalfbatures（Masson et al・2002）・This
gravityJependentmorphogenesisinplantSiscalledgravimorphogenesis（Thkahashi1997）・Itstypical
examPleisgravitropismthatenablesplantStOOrienttheirshootsupwardandrootsdownWard（Massonet
al．2002）．Anumberofstudiespaidmuchattentiontogravitropism，Whichprovidesuswithmanycluesto
understanditsmechanisticaspect（BlanCaflor＆Masson2003）・Endodemisandcolume11ace11sare
thoughttobegravisensingcellsinshootsandroots，reSPeCtively（BlanCaflor＆Masson2003）・NumerOuS
studieshave suggestedthat sedimentation ofamyloplastsinthe gravISenSlngCellsis requiredfor
gravisensing（Morita＆Thsaka2004）・Inadditiontothestudiesofgravitropism，ithasbeensuggested
thatgravityalsoa飴ctsvariousaspectsofplantgrOWmsuchascircumnutation，Windingandapical
dominance（Darwin＆Darwin1881，Cline1991）・Incontrasttogravitropism，however，meChamismsof
thelattertypeofgravimorphogenesisremainunClear，andtherelationshipbetweengraviresponseand
thesemorphogenesisstillneedstobeveri氏ed・ThecharacterizationofgravitropICmutantSisahelpful
approachbecaAMPhenotypeSthatgenetica11ylinkgraviresponsecouldbeextractedandtheirrelationship
withgraviresponsecouldbedirectlyanalyzed・Tbexplorethisrelationshipandunderlyingmechanisms，I
utilizedgravitropicmutantSOftheJapaneSemOrningglory（Pharbitisnilor卸moeanil）forthestudyof
thegravity－dependentcircumnutation／Windingandthegravity－Stimulatedoutgrow仙ofaxillarybuds・
Namely，inthisstudyIcharacterizedtwodistinctagravitropicmutantsofmomingglory，Weq，ing（we）
andweqping2（We2），identinedthegenesresponsiblefortheiraberrantPhenotypeSanddemonstrateda
geneticlinkage ofgravlreSPOnSe tO Circumnutation，Winding and apicaldominanCe，uSlng Weq，ing
mutantSOfmormngglorytogetherwithseveralgravltrOPICmutantSOfArabi如sisthaliana・
朗g〃〝加g〃rwg椚〟肋〟〟〃〟〝相加C〟血r肋〃肋〟血〃〃′膵わで〟g
FigurelshowsthetypicalphenotypesOfthewild－type（WT）momingglory，Violetandthe
gravitropicmutantsofmominggloryweqping（we）andweq，ing2（We2）・ThestemofWTmomingglory
displaysgravitropism，Whereasthestemsoftwowe甲ingmutantsdonotdisplaythisphenomenon（Fig・
1）．Wemutantcompletelylacksgravitropicresponsesofbothstemandhypocoty1，Whereasitsrootsare
gravitropicallynomal（Hatakedaetal・2003）・Itwasdemonstratedthatwelacksnormalendodermalcell
layercontainingsedimentableamyloplasts（Hatakedaetal・2003）・Thisphenotypeappearedtobesimilar
tothatoftheArabi如sisscarecrow（scr）mutant・Ithereforeexaminedwhethertheabnormalphenotypes
ofweareduetoeitherthegeneexpressionorloss－Of・functionofthemomingglorySCR（PnSCR）・I
foundthatoneaminoacidwasinsertedintothehighlyconservedGRASdomaininwe－typePnSCR（Fig・
2）．TbconnrmWhetherthismutationisresponsibleforwephenotype，Iintroducedeitherthemutant－Or
WTLPnSC尺intoArabi‘央pSISSCrmutantforcomplementationtests・PnSCRoftheWT，butnotofwe，
rescuedendodermaldevelopmentandshootgravitropismofscr（Figs・2，3）・Theseresultsshowthatboth
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defbctofendodermaldevelopmentandlackofshootgravitroplSminweareattributabletoalossof
PnSCRfunction（Kitazawaetal．2005）．
朗g〃〝ル〝わ〟〃dgg〃dわCゐ〝αCお加わ〃〃rwg2〝I〟虎川は
Shootgravitropismisnotevidentinwe2mutant（Fig．1）．Tbcharacterizethegravitropicresponseof
We2plantSinmore detai1，Icamiedoutatime－∽ur聞analysisofthe gravitropic responsesofwe2
hypocotylsandroots・Incontrasttowe，hypocotylsofwe2exhibitedareducedgravitropiccurvature，
Whilerootsshowednormalgravitropism（Fig．4）．Histologicalanalysisshowedthatwe2mutantSformed
abnormalendodermalcells，Similartothatofweげig．4）．InAnzbidpsis，thecooperativeactionofSCR
andSHORTIROOT（SHR）playsakeyroleinendodermaldevelopmentintheshootsandrootsげukakiet
al・1998）・Sincewe2andweoccupyseparategenomicloci（Tablel），Iexaminedwhethertheabnormal
PhenotypeOfwe2mutantSWaSCauSedbyamutationofthemorninggloryhomologofSHR・Ifoundthat
We2－typeSHORTIROOThomolog（棚1）containedasinglenucleotidetranSitionthatcouldcausean
ambermutationintheGRASdomain（Fig．5）．AIso，thismutationwasgeneticallylinkedtoagravitropism
Ofwe2げig・5）・Theseresultsindicatethatbothabnormalendodermaldevelopmentandgravitropismin
We2areduetotheexpressionofatrunCatedPnSHRlgeneproduct（鮎tazawaetal．2008）．Inaddition，
PnSCRexpressionwasremarkablyreducedinstemsandhypocotylsofwe2（Fig．5），Whichsuggeststhat
PnSHRlfunctionsupstreamOfPnSCRduringendodermaldevelopmentinmomlngglory・
J〃V錯〟だα〟〝〃〃／〟igJで血書わ〃∫あわ助g〃gW血相〝〃〃gg〟〃〟ぐんで〟椚〃〟ぬJわ〃
PlantOrganSrePreSentOSCillatorymovementstermedcircumnutation（Johnsson1997）．Itisbelieved
thatcircumnutationprovidesthemotivepowerforthewindingresponseofsomeclimbingplantS（Darwin
＆Darwin1881）・Thegravity－dependencyoftheseoscillatorymovementshaslongbeenacontroversial
matter（Jolmsson1997）．Tbdate，itremainsobscurewhethergraviresponseisindispensableforosci11atory
movements・To obtainconclusive evidencefortheinvoIvementofgravlreSPOnSeincircumnuation，I
analyzedtheoscillatorymovementsofmultiplegravltrOplCmutantSOfthemomlnggloryandArabi如）Sis．
Theresultsshowedthatbothcircumnutationandwindingresponseofthevineswereimpairedinwe2
mutants（Figs・1，6）asreportedinwemutant（Hatakedaetal．2003）．Inaddition，Wehypocotylsdidnot
ShowaneXplicitcircumnutation，butincontrast，We2hypocotylsdisplayedaslightnutationalmovement
（Fig・6）・Theseresultsstronglysuggestthatoscillatorymovementsarelinkedtotheabilityofgravitropic
response・IntroducingWTPnSCRtoscrArabidpsisrestorednotonlyendodermaldevelopmentbutalso
Shootcircumnutation（Fig．7）．Moreover，theshootcircumnutationofsgr2andsgr4kigArabi如sis，
Whichhave endodermalcelllayerswithabnormalamyloplast sedimentation（Katoetal．2002），WaS
SeVerely reduced（Fig．8）．These results　indicatethat proper endodemisis requiredfor shoot
Circumnutationandwindingmovementsofthemommgglory．Thatis，Shootcircumnutationdependson
theendodermis一mediatedgravlreSpOnSe．
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InmanyPlantSpeCleS，aPicalshootgrowspredominantlyandrepressesaxillarybudgrow血．This
PhenomenoniscalledapicaldominanCe（Cline1991）．Apicaldominanceisbestdemonstratedviashoot
tlP remOVal，alsokn0wnaS decapitation，Which releases axillary buds舟om apical dominanCeand
Stimulatestheiroutgrow血（Cline1991）．AIso，WhentheupperPartOfthemainshootofmorninggloryis
bentdown，theaxillarybudsituatedontheuppermOStnOdeofthebendingreg10nisreleased丘omapICal
dominanCeandelongates（Prasad＆Cline1987）．ThisreleaseofaxillarybudsfromapicaldominanCeis
prevented by clinorotation ofthebent plantS，SuggeStingtheinvoIvement ofgravlreSPOnSeinapical
dominanCe（Prasad＆Cline1987）．However，there has been no direct evidenceforthe relationship
betweengravlreSPOnSeandaplCaldominanCe．Tbobtaingenetic evidencethatgravlreSPOnSeregulates
apicaldominanCe，hereIutilizedtheweq，ingmutantS．Bendingthemainshootsofeitherweorwe2
plantSneVerCauSedelongationoftheiraxillarybuds（Fig．9）．Linkage analysisusingF2generations
CrOSSedwithWTmorninggloryrevealedthatthisaberrationwaslinkedtotheagravitropismphenotype
Ofweq，i〃gmutantSげig．9）．Thisimpliesthatbending－inducedreleasefromapicaldominanCerequires
gravlreSpOnSe．IthasbeenshownthatbasipetaltranSlocationofauxinfromtheapicalbudinhibitsaxillary
budgrowth，Whereascytokininpromotesaxillarybudoutgrowth（Shimizu－Sato＆Mori2001）．Ⅰtherefore
COmParedtherolesofauxinandcytokinininbending－anddecapitation－inducedaxillarybudgrowthIn
theWTmomingglory，decapitationincreasedcytokininlevelsandreducedauxinresponse（Fig．10）．In
COntraSt，ShootbendingdidnotcausesignifiCantChangeSineithercytokininlevelorauxinresponse（Fig．
10）．These resultsimplythatthe mechanisms underlyingthe gravity－andthe decapitation－regulated
releasefromapicaldominanCearedistinctandunique．
α〃Cねぎ加J℃〝〃J血
Inthis study，Iidentined押官／PnSCRand WT20nSHRl as genes responsiblefor agravitropic
grow血ofweandwe2mutantSOfthemomingglory，reSpeCtively．Usingthetwodistinctmutantlinesof
themomlngglory，IsucceededindemonstratlngtheinvoIvementofgravlreSPOnSeincircumnutation，
WindingresponseandapicaldominanCe（Fig．11）．Thepresentworkdemonstratesthatweq，ingmutantS
areusefultool，aSamOdelsystem，forexploringthemechanismsofgravlmOrPhogenesisinplantS．The
identificationoffhctorsthatfunctiondownstreamOfPnSCRandPnSHRlinmomlngglorywillprovide
furtherinformation onhow gravlreSpOnSe regulates plantmOrPhogenesis such as circumnutationand
aplCaldominanCe．
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恥blel．GeneticanalysISOfwe2mutants
Numberofplants
Crosses Generation Normal Abnormal　　X2a
gravitroplSm graVitroplSm
we2×Violet F1　　　　　24
We2×Violet F2　　　　　113
wexwe2　　　　Fl　　　　　　36
Gravitropicresponseofthehypocotylsoftheprogenyofthecrosses
listedabove・ax2wascalculatedbasedonanexpeCtedratioof3＝l
nomaltoabmomal．
f放〃相方
Fig．1．GrowthandgravitroplCreSPOnSeOfwe，We2
and Violet（WT）of morningglory・Representative
photographsoftwo－Week－01dWT（A），We（B）andwe2
（C）plants．TheshootsofWTplantsthatwereplacedin
ahorizontalpositionshowedupwardbending（DandE），
While the shoots ofwe（F andG）and we2（H and T）
plants placedin a horizontalposition hiled to bend
gravitTOpically・PhotographsweTetakenOh（D，F・H）
and24h（E，G，T）aRerre－0ワentationoftheplants・
Arrow（g）indicates the directlOn Ofthe gravitational
fbrce．Bars＝8cm．
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5・一園し車Jl＿轟幽匿訂－3・
Fig．2．Mol cularid mt用はdomorlγE
locus．（A）ApartoftheGRASdomain
Of　wild－type PnSCR（PnSC尺）and
We－ ype PnSCR　（Pf7SCRm）．（B）
ConstruCt OfpAtSCR：：PnSCR used fbr
COmplementation tests．　（C）
Grav r p享SmOfWTAra i如，Sis・（D）
GravitroplSmOfscrwithemptyvector・
（E）　Com ementation of scr
gravi ropismw hpAISCR：：PnSCR・（F）
ComplementationofpAtSCR：：PnSCRm・
WTandtransgenicplantswereplaced
inahorizontalpositionat230Cfbr6h
in the dark．Arrow（g）indicatesthe
directionofgravitationalfbrce．Bars＝2
cm．
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Fig．3．HistologiealamalysisoIWT
and tra shrmamt　ノ4川ふJ如油
stained with toluidime blue．
Longitudinal sections of
innore cence stems of WT（A），
∫C／イVector（B），∫Cr小dJ∫C凡●．●P〝∫C尺
（C），and scr中AtSCR：：PnSCRm（D）
Arabi（毎sis．Ar owheadsindicatethe
Sediment amyloplasts．Arrow（g）
indicates the direction of
gravitational fbrce．Bar＝20pm・
Abbreviations：Eb，epidermiS；Co，
COrteX；En，endodermis．
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Fig・4・Gmvitropicresponsesorthehypocotylsandrootsofwe2
andWTmornlnggloryIandtheirstemsectioTLSStainedwith
toluidineblueandl2－Klsolutions．TimecourseofthegravitroplC
responseofthehypocoty1S（A）androots（B）・Datarepresentsthe
averagesandstandarddeviationofcurvatures・Twenty－fourplants
ofeachgenotypeWereeXamined・Openandfilledcirclesindicate
WTand we2mutantS，reSpeCtively・Longitudinal sections of
vertica11ygrownstemsofWT（C）andwe2（D）plants・Arrowheads
indicatesedimentamyloplasts．Amow（g）indicatesthedirectionof
gravitationalforce・Asterisksindicatethereg10mWhereendodermal
cellswouldappeariftheywerepresent・砕，ePidermis；Co，COrteX；
En，endodermis；Vb，V貼Cularbumdle・Bars＝50Llm・
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Fig．‘．Sh00tCir川mnutadomoIWllwgamd肌浸mornimggloけ・
Pottedplantswereplacedinadarkbox・Movementoftheshoot
apexwasrecorded舟omthetop・StemcircurrmutatiomofWT（A）
andwe2mutants（B）．（C）Thedatain（B）wasre－plottedona
smallerscale（highermagn摘cation）．Hypocotylcircumnutationof
WT（D），We（E）and we2　mutants（F）・The data points
correspondingtothestartandtheendoftheperiOdofobservation
areindicatedbyopenSquareS・
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Fig・5・Molecularcharacterization ofl作2loctlS・Schematic
illustrationofthestruCtureSOfPnSfmJ，ShowingthesiteoftheT－A
transitioninwe2mutants（A）．（B）Linkageanalysisofagravitropism
and PnSfml mutationin we2．Dark－grOwnF2Seedlings were
groupedaccordingtotheirgravltrOplCreSpOnSe，andfhSHRIwas
amplined by PCR kom genomic DNAisolated舟om each F2
seedling．Ampli鮎dPCRproductsweredigestedwith二極Iand
analyzed by agarose gelelectrophoresis・M・mOlecular weight
marker．Data舟om eight F2individuals ofeach phenotype are
shown・（C）QuantitativeRTIPCRanalysチSOftheexpressionof
PnSHRlandPnSCRintheorgansofmom1ngglory・Theexpression
levels of each gene were normalized to the expression of
mitochondrialFIFoATPsynthaseY－Subunit，andrelativeexpression
levels are shown．Data represents the averages and standard
deviatinn．
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Fig・7・TheCir川mmutationolin伽reseencestemsoIWT，叫
andtransfbrmatLtArabhhpsik・Pottedplantswereplacedinadark
boxwhentheirinnorescencelengthswereabout9tolOcm・Shoot
movement was observed丘om the top．（A）WT Columbia，（B）
∫C〟Ⅵctor，（C）∫Cr伽4ばCRJこねぶCR，（D）甜小畑C尺∴P乃∫C伽7・
Thestartandtheendofthemovementareindicatedbytheopen
SquareS・
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Fig．＄．NutatiomalmoYememtSimtIleim仙IreSCemCe
StemSOIa rmYitroplemutamtSO－Am鋸血鮮血，5g。
and呼r4／Zな．Pottedplantswereplacedinadarkbox
Whentheirinflorescencelengthswereabout9tolO
Cm．Shootmovementwasobserved舟omthetop．（A）
WTColumbia，（B）sgr2，（C）sgr4々ig．Thestartand
theendofthemovementareindicatedbytheopen
SquareS・
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Fig．少．Shoot－bemdimg什eatmemt on Violet，W amd　棚2　mutants・（A）
PhotographsofthebentplantS（upperpanel）andmagni鮎ationofoneoftheir
axillary buds n the uppermOSt nOdeinthe bending region（lower panel）・
Arrowh adsindicatetheaxillaTybudontheuppermOStnOde．Arrow（g）indicates
the prientation ofgravity・Bars＝5cm・（B）F21inkage analysis between
ravltrOplC reSpOnSeand axillary bud growth Tbn days aRer shoot bending
treatment，theaxillarybudsontheuppermOStnOdeweremeasured・Distributions
OfthelengthoftheaxillarybudsontheuppermostnodeofF2plantSareShown：
WemutantF2SegregantS（upperpanel），We2mutantF2SFgregantS（lowerpanel）・
Open column，F2generation showing propergravltrOplSm；Closed column，F2
generationshowingabnormalgravitropism．Twenty一打veindividualsofF2plants
ShowlnggravitropICOragraVltrOplCreSpOnSeWereteSted・
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（????〓?????
?
ntad　卸　mq▼
docap
?????????
Fig．10．ExpressioTLPatternSOfauxinamdcytokininmarkergenesand
level0†emdogenousトZRin thel10dal stem aner deeapitadom or
bendingtreatment．Quantitativereal－timePCRanalysisoftheexpression
OfPnL4Al（A，D）andPnIPTJ（B，E）wasdone．（A，B）Theshootapexwas
removedlcmabovethefi柑tnOde，thenthe爪rstnodalstemswerecollected
attheindicatedtimes．（D，E）Bendingtreatmentwasperformed，andthen
Samplingoftheuppermostnodes（thesixthnode）wasdoneatindicated
timesa魚ertreatment．Fornon－treatedplants，thenodecorrespondingtothe
uppermOStnOde（thesixthnode）ofbentplantswassampled．Theexpression
levelsofthesegeneswerenormalizedtomitochondrialFIFoATPsynthase
Y－Subunit gene expressionlevels．Relative expressionlevels are shown，
WherethoseofVioletOhsampleswassetasone．Dataarethemeansj＝SD．
ExperimentswereperfbrmedintnplicateuslngindependentRNAsamples・
（C）Endogenous t－ZRcontentsofthenodalstema魚erdecapitation．The
Shootapexwasremovedlcmabovethenrstnode，andthenthenrstnodal
StemSWereCOllectedattheindicatedtimes．（F）Endogenoust－ZRcontents
Ofthenodalstemontheuppermostnodeduringshootbendingtreatment・
Thenodalstemsontheuppermostnode（thesixthnode）Werecollectedat
theindicatedtimes．Thet－ZRcontentswereanalyzedbyELISAaccording
tostandardprocedures．Dataarethemeansj＝SE．
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Fig．11．Sehemadc representatiom or graYiresponse
Pa hway reguhthg oSCillatory movementS and apical
domin ce．WE／PnSCR and WE2／PnSHRI cooperatively
playrol fbrendodermaldevelopment．Inresponsetogravity，
mechanicalstimulati nisgeneratedbysedimentamyloplasts
andconvertedintoabiologlCalslgnalwithintheendodermiS，
Whichultim telydetermines hedirectionofauxintransporL
Theresulting edistributionofauxincausesvariousresponses
in organs．Th  auxin g adient across the gravistimulated
tissues causes diffbrential growth，and therebyinduces
gravit opicresponse．Incircumnutation，thegravity－dependent
auxintr nSlocationmightafRcttherhythmicwaveofinternal
OSCillator such as auxin and calcium，Which mightinduce
nu ationalmovement．Ontheotherhand，thegravity－regulated
releas  of axillary bud　舟om aplCal dominance can be
explained by he mechanism distinct　丘om that of
decapitati n－induced release；basipetal auxin transport and
CytOkininbiosynthesisarer sponsibleforthelatterbutnotfor
th  fbrmer．Thus，graVlperCept10n mediated by endodermal
Cellsbringsaboutpleiotropicphenomena・
論文審査結果の要旨
陸上植物の多くは，地球上に恒常的に存在する重力を環境シグナルとして感受し，
それを利用して，陸上での生存に有利なように自身の形態形成を調節する。この植物
における重力依存的な形態形成は重力形態形成と呼ばれる。中でも重力屈性は植物器
官の伸長方向を決定する大きな要因で，よく研究されている。しかし，重力屈性のみ
ならず，回旋運動や革巻き性，頂芽優勢など，植物の様々な形態形成が重力の影響を
受けることが示唆されているものの，これらの形態形成の重力依存性は証明されてお
らず，その制御機構は未解明のままである。そこで本論文では，これら植物における
重力形態形成の証明と分子機構の解明を目的とし，アサガオの重力屈性突然変異体
we甲吻（we）および礪甲吻2（we2）の突然変異原因遺伝子を同定するとともに，ア
サガオのwe甲吻系統およびシロイヌナズナの重力感受突然変異体を用いて，回旋運
動，蔓巻き性，頂芽優勢の重力依存性を分子遺伝学的ならびに分子生理学的に解析し
た。
まず，アサガオの2系統のW呼物突然変異体の特性解析とその変異原因遺伝子の
同定を試みた結果，Weとwe2はそれぞれ劫ぶC尺および乃娼比ノ遺伝子に突然変異を
生じたことにより，地上部の重力感受細胞である内皮細胞の分化が異常になった重力
屈性変異体であることが明らかになった。次に，このwe甲吻系統およびシロイヌナ
ズナの重力感受突然変異体を利用して，回旋運動ならびに蔓巻き性と重力応答の関係
を検証した。その結果，Weおよびwe2が回旋運動と革巻き性の両方を欠損するこ
と，シロイヌナズナの重力感受突然変異体が回旋運動を示さないことなどから，これ
らの成長運動が重力依存的な現象であることを証明することに成功した。また同様
に，W呼物系統を利用して頂芽優勢と重力応答の関係を調べた。その結果，茎の折
り曲げ処理によって誘導される腋芽の伸長（頂芽優勢の打破）が，重力応答依存的な
現象であることが明らかとなった。さらに，この頂芽優勢の打破が，一般的な摘心処
理による腋芽伸長の機構とは異なり，オーキシンおよびサイトカイニンの動態変化を
介さないことが示唆された。以上のように本研究は，アサガオの重力形態形成を担う
遺伝子として重力感受細胞の分化に必須の乃gCRおよび劫∬択ノを同定し，回旋運
動，蔓巻き性，頂芽優勢が重力依存的な形態形成であることを示した○
これらの成果は，北澤大典が筆頭著者となって3報の原著論文として国際誌に掲載
された。これは，北洋大典が自立して研究活動を行うに必要な高度の研究能力と学識
を有することを示している。したがって，北洋大典提出の論文は，博士（生命科学）
の学位論文として合格と認める。
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